A markedly elevated serum free light chain (FLC) ratio may serve as a biomarker for malignant transformation in high-risk smoldering multiple myeloma (SMM) and identify patients who are at imminent risk of progression. We retrospectively studied the predictive value of the serum (FLC) assay in 586 patients with SMM diagnosed between 1970 to 2010. A serum involved/uninvolved FLC ratio X100 was used to define high-risk SMM, which included 15% (n ¼ 90) of the total cohort. Receiver operating characteristics analysis determined the optimal FLC ratio cut-point to predict progression to symptomatic multiple myeloma (MM) within 2 years of diagnosis, which resulted in a specificity of 97% and sensitivity of 16%. Fifty-six percent of patients developed progressive disease during median follow-up of 52 months, but this increased to 98% in the subgroup of patients with FLC ratio X100. The median time to progression in the FLC ratio X100 group was 15 months versus 55 months in the FLC o100 group (Po0.0001). The risk of progression to MM within the first 2 years in patients with an FLC ratio X100 was 72%; the risk of progression to MM or light chain amyloidosis in 2 years was 79%. We conclude that a high FLC ratio X100 is a predictor of imminent progression in SMM, and such patients may be considered candidates for early treatment intervention.
INTRODUCTION
Smoldering multiple myeloma (SMM) is an asymptomatic precursor disease of multiple myeloma (MM) or related plasma cell disorders such as light chain (AL) amyloidosis for which the standard of care has remained observation without therapy until symptoms develop. 1 SMM is a clinical diagnosis currently defined by the International Myeloma Working group as the presence of a serum M-protein of X3 g/dl and/or X10% bone marrow plasma cells (BMPCs) with no evidence of end-organ damage (hypercalcemia, renal insufficiency, anemia or bone lesions (CRAB)). 2 Early treatment of SMM previously has been limited because of unacceptably high rates of treatment-related toxicity, and an inability to identify high-risk SMM patients at diagnosis who will consistently progress to symptomatic MM within a short period. [3] [4] [5] The emergence of novel myeloma therapies that are highly active yet have improved tolerability has generated renewed interest in the potential for treatment of SMM to prevent later development of end-organ damage. Rather than a strategy of watchful waiting for all SMM patients until the development of CRAB features, early treatment of the highest risk patients has the potential to improve quality of life and overall survival. 6 The annual risk of progression to symptomatic disease in SMM is 10% per year for the first 5 years, 7 making SMM a more attractive target for early therapy compared with monoclonal gammopathy of undetermined significance, with the established 1% per year risk of progression. 8 However, the identification of SMM patients at diagnosis who will invariably progress to symptomatic MM in a short timeframe remains a challenge.
The development of biomarkers capable of distinguishing high-and low-risk SMM patients may allow for more individualized disease management. Risk stratification schemes for SMM recently have emerged utilizing methods such as immunophenotyping of aberrant plasma cells, 9 BMPC percentage, 10 serum M-protein, as well as the serum free light chain (FLC) ratio. 11 The clinical utility of the serum FLC assay has been demonstrated previously in a range of related conditions such as monoclonal gammopathy of undetermined significance, MM and AL amyloidosis. [12] [13] [14] It is a sensitive method for detecting excess light chain immunoglobulins, which results in an abnormal k/l ratio. 15, 16 Applying the FLC assay to SMM, Dispenzieri et al.
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determined that the prognostic effect of an abnormal k/l FLC ratio of p0.125 or X8 was independent of other risk factors on multivariate analysis, and was associated with a hazard ratio of 2.3 (95% confidence interval (CI), 1.6-3.2) compared with FLC ratios of 0.125-8. We hypothesize that SMM is a clinical entity comprised of both premalignant, high-risk monoclonal gammopathy of undetermined significance and early asymptomatic MM in transition to malignant disease, which may be differentiated with the use of the serum FLC ratio set to an appropriate level of sensitivity. We examined the diagnostic performance of the serum FLC ratio at the time of SMM diagnosis and its ability to predict risk of imminent progression to symptomatic MM within 2 years of diagnosis, which may be particularly relevant for use in prospective early intervention studies. 
PATIENTS AND METHODS

Serum FLC assay
The serum FLC assay (Freelite; The Binding Site, Birmingham, UK) was performed on a BNII nephelometer (Dade Behring, Deerfield, IL, USA) using stored serum. 17, 18 The serum FLC assay measures absolute free k and l light chain values and by default is reported as the k/l ratio (normal range: 0.26-1.65). 16 To simplify interpretation of this study, we reported the FLC involved/uninvolved ratio with the monoclonal light chain in the numerator. Kappa was the involved light chain ratio if the k/l ratio was 41.65, whereas lambda was the involved light chain if the k/l ratio was o0.26. The absolute difference between the involved and uninvolved light chain was determined.
Statistical analysis
Calculations were performed using JMP version 9.0 (SAS Institute Inc., Cary, NC, USA). Receiver operating characteristics (ROC) curves were constructed by plotting sensitivity (Y axis) versus 1-specificity (X axis) and the area under the curve was calculated. The ROC curve was used to determine the ability of the serum involved/uninvolved FLC ratio to discriminate patients who progressed to symptomatic myeloma at 12-month intervals. The sensitivity and specificity were calculated across a range of values in order to choose a cut-point with the highest possible specificity (around 95%) while also maximizing sensitivity. Positive and negative likelihood ratios, as well as positive and negative predictive values were determined.
The w 2 test was used to compare nominal variables. The unpaired t-test was used to compare the median values of continuous variables between the high and low FLC ratio groups. Time to progression (TTP) was the primary end point and was measured from the date of SMM diagnosis until progression to active disease. Seventy-one patients with o24 months follow-up and without disease progression were censored from the Kaplan-Meier survival analysis. Kaplan-Meier analysis was performed to generate survival curves. Groups were compared with the two-tailed logrank test. All statistical tests were two-sided and P-values of o0.05 were considered to be significant.
RESULTS
Patient characteristics
A total of 586 patients were available for analysis. Patient characteristics at SMM diagnosis are shown in Table 1 . Median follow-up for the composite group was 52 months. In all, 109 patients had o24 months follow-up and 71 of these patients (65%) showed no evidence of developing MM during this period. Of the 71 patients who did not progress, only 1 patient had an FLC ratio of X100 (ratio 317; k 0.982 mg/dl, l 312 mg/dl). The median age at SMM diagnosis was 64 years (range, 27-91 years). Men represented 54% of the patient sample (n ¼ 319). The immunoglobulin (Ig) heavy chain type was 73% monoclonal IgG, 20% IgA, 1% IgM, 1% IgD and 2% had a biclonal M-protein. Light chain only disease was present in 4% of patients, however, an enrichment in Table 1 . Patient characteristics at SMM diagnosis grouped according to FLC ratio X100 or o100
Variables
All patients FLC ratio o100 FLC ratio X100 P (95% CI) Free light chain ratio in high-risk smoldering myeloma JT Larsen et al light chain only disease was observed in the high FLC ratio group (12% of patients; Po0.0001). The dominant light chain was k in 63% and l in 37%. The FLC ratio was abnormal (reference range o0.26 or 41.65) in 74% of patients (n ¼ 432). In all, 90 of the 586 SMM patients (15%) had a FLC ratio X100 at time of diagnosis. The median value of the involved/uninvolved FLC ratio was 12.9 (range, 1.04-11.186). The median monoclonal protein size was 2.5 g/dl (range, 0-6.9). The median BMPC percentage was 20% (range, 3-95%), and was significantly higher in the FLC ratio 4100 group compared with the o100 group (30% versus 20%, Po0.0001).
Outcomes By ROC analysis, the optimal involved/uninvolved FLC ratio diagnostic cut-point for differentiating SMM patients at followup through years 1-5 was 491. The ROC curve is shown in Figure 1 . The sensitivity and specificity at each year is listed in Table 2 . For ease of clinical application, the optimal value for the involved/uninvolved FLC ratio was rounded to X100. An FLC ratio cut-point of X100 corresponded to a sensitivity of 16% (95% CI, 11.3-21.9), specificity of 97% (94.6-98.4%), positive likelihood ratio of 5.1 (2.7-9.7), negative likelihood ratio of 0.87 (0.8-0.9), positive predictive value of 73 (57.4-85.4) and negative predictive value of 68.1 (64.0-72.0). The area under the ROC curve (AUC) was 0.55.
During the follow-up period, 56% (n ¼ 331) of SMM patients progressed to symptomatic multiple myeloma (Table 3) . Ten patients developed AL amyloidosis. Median TTP by Kaplan-Meier analysis was 40 months (95% CI, 33-48) and 35% of all patients progressed within 2 years. Only 48% of the FLC o100 group developed active MM, however, 98% of the FLC X100 patients ultimately developed disease progression during the follow-up period (relative risk (RR) 2.04 (95% CI, 1.8-2.2)). The absolute difference between the involved and uninvolved light chain was significantly higher at 85 mg/dl in the FLC ratio X100 group compared with 5.2 mg/dl in the FLC o100 group (Po0.0001). The most common progression event was bone disease (43%), followed by anemia (34%), renal insufficiency (18%) and hypercalcemia (5%). No significant differences were observed in the type of progression event between the FLC o100 and X100 groups.
Progression data are shown in Table 3 . TTP from the date of the initial FLC ratio at SMM diagnosis to active MM was compared between patients in the high (X100) and low (o100) FLC ratio groups. Median TTP to symptomatic MM in the FLC ratio X100 group was 15 months (95% CI, 9-17) versus 55 months (95% CI, 46-65) in the FLC ratio o100 group (P o0.0001; Figure 2 . In the Figure 1 . ROC curve demonstrating the sensitivity and specificity of the initial involved/uninvolved FLC ratio for progression to symptomatic multiple myeloma within 24 months of SMM diagnosis. The FLC ratio cut-point of X100 has a specificity of 96.7% and sensitivity of 15.8%. Abbreviations: FLC, free light chain; ROC, receiver operating characteristic. *The optimal cut-point to obtain a specificity near 95% at 24 months while still maximizing sensitivity was determined to be 491.
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FLC ratio X100 group, progression to MM was 43% at 1 year (RR 1.5, 1.3-1.8), 72% at 2 years (RR 2.6, 1.8-3.6) and 87% at 3 years (RR 4.4, 2.7-7.4). In comparison, progression to MM was 16% at 1 year (RR 1.5, 1.3-1.8), 28% at 2 years (RR 2.6, 1.8-3.6) and 40% at 3 years in the FLC o100 patients. In patients with FLC ratio X100 and involved FLC level X100 mg/dl, the risk of progression to symptomatic MM was 76% at 2 years. If progression to AL amyloidosis was included as an event in addition to symptomatic MM, the risk of progression in patients with an FLC ratio X100 was 79% at 2 years and 90% at 3 years. Corresponding rates for patients with both FLC ratio X100 and involved FLC level X100 mg/dl was 82% and 93%, respectively. Tables 4 and 5 provide comparison in a univariate model of BMPC percentage, serum M-spike, and serum FLC ratio X100. All three were significant prognostic factors on univariate analysis, and all remained significant independent predictors on multivariate analysis, validating each factor's ability to discriminate SMM patients at higher risk for progression. The 3 factors remained independently significant when BMPC percentage and serum M-spike were studied as categorical variables with cutpoints of 60% and 3gm/dl, respectively.
DISCUSSION
In this study, we evaluated the ability of the serum FLC ratio to reliably identify high-risk SMM that will result in early progression to active MM necessitating treatment. Our data strongly support the conclusion that a serum involved/uninvolved FLC ratio X100 (or if k/l ratio is used, X100 or p0.01) is a highly specific independent biomarker with the ability to identify SMM patients at significantly increased risk of developing end-organ damage because of MM within 2 years. A serum involved/uninvolved FLC ratio of X100 was present in 15% of the total cohort (n ¼ 90). By ROC analysis, a cut-point of X100 was 97% specific for disease progression within 2 years. On survival analysis, the 2-year rate of progression from SMM to MM was slightly lower, but still substantial at 72% versus 28% in the FLC X100 and o100 groups, respectively. The incidence of bone disease, anemia, renal insufficiency or hypercalcemia did not significantly differ between the FLC ratio groups. The FLC ratio X100 group had an increased number of light chain only patients and involvement of BMPC compared with the lower FLC ratio group, both of which are associated with increased disease aggressiveness in MM. 19 The Figure 2 . TTP to symptomatic multiple myeloma from initial involved/uninvolved FLC ratio of X100 versus a ratio of o100.
Median TTP was 15 months in the FLC ratio X100 group compared with 55 months in the FLC ratio o100 group (Po0.0001). At 24 months, 72% of patients with FLC ratio X100 had progressed to MM versus 28% of patients with FLC ratio o100. Abbreviations: CI, confidence interval; FLC, free light chain. Bone marrow plasma cell % and serum M-spike were studied as continuous variables and the hazard ratios listed are per change in regressor over entire range. The corresponding hazard ratios per unit change in regressor are 1.03 and 1.21 respectively. Abbreviations: CI, confidence interval; FLC, free light chain. Bone marrow plasma cell % and serum M-spike were studied as continuous variables and the hazard ratios listed are per change in regressor over entire range. The corresponding hazard ratios per unit change in regressor are 1.02 and 1.08 respectively.
Free light chain ratio in high-risk smoldering myeloma JT Larsen et al predictive value increases when AL amyloidosis is included as an endpoint in addition to MM, and when an involved FLC level of X100 mg/dl is added as a requirement to the high-risk definition. Our findings provide further support to an accumulating body of evidence that elevated FLC levels are a risk factor for progression not only in MM, but in myeloma precursor disease such as SMM as well. The Mayo Clinic SMM risk stratification model proposed by Dispenzieri et al. 11 uses the criteria of serum FLC ratio o0.125 or 48, BMPCs X10% and serum M-protein X3 g/dl, and 1 point is assigned for each risk factor. TTP decreased with each additional risk factor, from 10 years with 1 risk factor, 5.1 years with 2 risk factors, to 1.9 years with 3 risk factors. This simple risk model provides useful prognostic information, however, a single reliable marker of disease progression has remained elusive. 20 In this study, we used more stringent criteria for an elevated FLC ratio in order to maximize the test specificity and positive predictive value to discriminate the highest risk SMM patients from the remainder of the group. The development of individualized treatment strategies will necessitate better understanding of underlying biological behavior, and an elevated FLC ratio X100 is shown here to be a high-quality surrogate marker for malignant transformation.
To date, the International Myeloma Working Group 2010 recommendations advise against treatment of SMM outside the context of a clinical trial. 1 The recommended clinical monitoring for these patients has been serial laboratory follow-up every 3 months in the first year, then every 4-6 months thereafter, with the initiation of treatment on symptomatic progression. 7 Significant interest in developing an effective treatment regimen for SMM has led to multiple prospective treatment trials, however, improvement in overall survival has been difficult to establish. Initial studies using alkylator-based therapy concluded early treatment should be deferred in asymptomatic patients because of the lack of improvement in overall survival, increased treatment-related toxicities and concern for earlier development of resistant subclones. 21 Single-arm trials with preemptive thalidomide 3 and thalidomide plus pamidronate 4 both achieved at least a minor response in 66% and 63% of patients, respectively, but were unable to establish a clear advantage to early therapy. Numerous other trials investigating the role of bisphosphonate monotherapy, 5 anakinra (interleukin-1 receptor antagonist), 22 and curcumin 23 have not demonstrated a clear reduction in the risk of progression.
The increased recognition of the biological overlap between monoclonal gammopathy of undetermined significance, SMM and the heterogeneity within groups 24 has led to the design of trials focused on high-risk SMM. In an ongoing phase III randomized controlled trial, Mateos et al. 25 are studying lenalidomidedexamethasone combination treatment as induction treatment in high-risk SMM. High risk was defined by both BMPC 410% and M-spike 43 g/dl, or if only one of these criteria were present, immunoparesis and aberrant plasma cells in the bone marrow by immunophenotyping. The interim results show an overall response rate of 81% by intention to treat analysis. Median TTP was 23 months in the delayed treatment arm but had not been reached in the lenalidomide-dexamethasone group. The estimated 3-year overall survival in the treatment arm was 98% versus 82% for the delayed treatment group (P ¼ 0.05). Demonstrating the clinical benefit of early treatment strategies in SMM has been difficult previously, however, with improved identification of highrisk patients and development of less toxic therapies, renewed interest in this area is developing.
As the development of biomarkers and genetic profiling advances, further refinements in the clinicopathologic categorization of SMM will likely become necessary. For example, an upper limit of BMPC involvement of o60% was recently proposed for SMM. 10 In a retrospective review of 655 patients with newly diagnosed SMM with available bone marrow samples for review, 21 patients (3.2%) had BMPC involvement X60%. Ninety-five percent of these patients progressed to active myeloma within 2 years, with a mean TTP of 7 months (95% CI, 1.0-12.9). These patients are now considered as having MM, even in the absence of end-organ damage. The primary limitation of our study is the retrospective nature of its design. In addition, it was not statistically powered for further subgroup analysis by cytogenetics or other risk factors. An inherent advantage and disadvantage was the long period of patient eligibility spanning from 1970 to 2010, which allowed a larger study population but may have also introduced an increased number of confounders because of changes in imaging, physician practice styles and the less rigorous clinical documentation in previous decades. Despite these limitations, our findings show that patients with markedly high FLC ratio (X100) are at high risk of progression to MM or related disorder within 2 years of diagnosis and hence may be considered candidates for intervention, especially as the mode of progression in this subset is likely to be renal failure in a substantial proportion of patients.
